Arylamine N-acetyltransferase activity has been described in various bacterial species. Bacterial N-acetyltransferases, including those from bacteria of the gut flora, may be involved in the metabolism of xenobiotics, thereby exerting physiopathological effects. We characterized these enzymes further by steady-state kinetics, time-dependent inhibition, and DNA hybridization in 40 species, mostly from the human intestinal microflora. We report for the first time N-acetyltransferase activity in 11 species of Proteobacteriaceae from seven genera: Citrobacter amalonaticus, Citrobacter farmeri, Citrobacter freundii, Klebsiella ozaenae, Klebsiella oxytoca, Klebsiella rhinoscleromatis, Morganella morganii, Serratia marcescens, Shigella flexneri, Plesiomonas shigelloides, and Vibrio cholerae. We estimated apparent kinetic parameters and found that 5-aminosalicylic acid, a compound efficient in the treatment of inflammatory bowel diseases, was acetylated with a catalytic efficiency 27 to 645 times higher than that for its isomer, 4-aminosalicylic acid. In contrast, para-aminobenzoic acid, a folate precursor in bacteria, was poorly acetylated. Of the wild-type strains studied, Pseudomonas aeruginosa was the best acetylator in terms of both substrate spectrum and catalytic efficiency. DNA hybridization with a Salmonella enterica serovar Typhimurium-derived probe suggested the presence of this enzyme in eight proteobacterial and four gram-positive species. Molecular aspects together with the kinetic data suggest distinct functional features for this class of microbial enzymes.
The acetyl coenzyme A (AcCoA):arylamine N-acetyltransferases (NAT; EC 2.3.1.5.) catalyze the transfer of an acetyl group from AcCoA to the nitrogen or oxygen atom of primary arylamines, hydrazines, and their N-hydroxylated metabolites. They therefore play important roles in both the detoxification and metabolic activation of numerous xenobiotics. In the Salmonella enterica serovar Typhimurium mutation assays developed by Ames and coworkers (2) , the carcinogenic aromatic amines are N-hydroxylated and subsequently O-acetylated before they can exert genotoxic properties. The O-acetylation step is mediated by the NAT of S. enterica serovar Typhimurium, which therefore governs the activity of many promutagens through N-hydroxyarylamine O-acetyltransferase activity (26) .
NAT isoforms (28) have been detected in several vertebrate species, including human (6), rabbit (53) , rat (21) , mouse (37) , hamster (23) , and chicken (47) . Partial data are also available for amphibian (30) , helminth (12, 16) , and insect (66) species. In prokaryotes, NATs were first described in S. enterica serovar Typhimurium (65) and then in several species of facultative and obligate anaerobes of the dog and human intestinal microflora. NAT activity has been reported in Escherichia coli, Bacteroides vulgatus, Clostridium sporogenes, Lactobacillus bifidus, Proteus vulgaris, Pseudomonas fluorescens, Enterococcus faecalis (48) , Staphylococcus aureus (9) , Helicobacter pylori (18) , Klebsiella pneumoniae (32) , Aeromonas hydrophila (15) , Enterobacter aerogenes (61) , Pseudomonas aeruginosa (33) , Lactobacillus acidophilus (11) , Citrobacter koseri (39) , and Shigella sonnei (62) . However, NAT genes have been cloned and their expression products characterized only for S. enterica serovar Typhimurium (57, 65) , Mycobacterium smegmatis, and Mycobacterium tuberculosis (49) .
The aminosalicylate isomers 5-aminosalicylic acid (5-ASA) and 4-aminosalicylic acid (4-ASA), both arylamine acceptor substrates of human NATs, are used to treat inflammatory bowel diseases such as ulcerative colitis and Crohn's disease (55, 59) . 5-ASA is considered one of the most efficient therapies for inducing and maintaining remission in such diseases (50, 67) . However, its use is associated with adverse side effects such as allergic rash, pancreatitis, nephropathy, and hepatitis (41) . N-Acetylation activity for 5-ASA has been reported in both aerobic and anaerobic intestinal microflora in human (63) . NATs from the bacteria of the intestinal microflora may therefore affect both the efficacy and side effects of this drug.
The catalytic residues of NATs from eukaryotic and prokaryotic species may be identical. Thus, the Cys 69 residue in the NAT sequence of S. enterica serovar Typhimurium has been shown to be crucial for enzyme activity (65) , and the homologous Cys 68 in humans probably plays a similar role (22) . The recent structure determination of S. enterica serovar Typhimurium NAT has revealed that the activation of the active-site cysteine requires the presence of a Cys 69 -His 107 -Asp 122 catalytic triad (58) . In addition, it has been suggested that basic residues highly conserved in all NAT sequences, at positions corresponding to Arg 9 and Arg 64 in the human sequences, contribute to conformational stability and are involved in the enzyme-substrate interactions of the human isoenzymes, NAT1 and NAT2 (20) . It has also been suggested that amino acids 125 and 127 are important determinants of NAT1-type and NAT2-type acceptor substrate selectivity (24) . Extending the study of conserved residues to NATs from various bacterial species could therefore provide new insight into the functional specificities of this class of microbial enzymes.
As NATs in the bacteria of the gut microflora may be involved in the activation of carcinogens and the metabolism of drugs, we used functional and molecular approaches in an attempt to further identify and characterize this class of enzymes. We experimentally studied 40 different bacterial species, most of which were indigenous to the human gut. These species belonged to 30 genera from four different taxonomic groups: gram-positive bacteria with high and low GϩC contents, Bacteroides, and Proteobacteria. The Proteobacteria studied included the Enterobacteriaceae, Vibrionaceae, and Pasteurellaceae families. We characterized bacterial NATs biochemically and compared them by determining their reaction spectra with arylamine substrates known to be specific for the human NAT1 or NAT2 isoform. We studied these enzymes kinetically using aminosalicylate substrates. We also found some features that were clearly common and specific to bacterial NATs, including a higher level of activity for 5-ASA than for its isomer, 4-ASA.
MATERIALS AND METHODS
Chemicals. 5-ASA was purchased from Acros Organics. 4-ASA, p-aminobenzoic acid (PABA), 2-aminofluorene (2-AF), sulfamethazine (SMZ), procainamide (PA), iodoacetamide, AcCoA, and the AcCoA-regenerating system D,Lacetylcarnitine and carnitine acetyltransferase were all obtained from Sigma Chemical Co. All other chemicals were of the highest purity commercially available.
Bacterial strains and growth conditions. Two types of strains were studied. First, six control strains were tested, including the recombinant Escherichia coli strains DMG100 and DMG200 (22) , which overproduce the human NAT1 and NAT2 isoforms, respectively, and four S. enterica serovar Typhimurium tester strains originally constructed for genotoxicity quantitation assays. Of these strains, YG1024 (64) overexpresses multiple copies of the NAT gene cloned from the TA1538 strain (40) , whereas the TA98 1,8/DNP 6 strain (43) produces no functionally active NAT. The TA98 strain (40) differs from TA1538 only in its greater sensitivity to mutagenesis. Second, the species listed in Table 1 were also studied. H. pylori was cultured for 3 days on selective or sheep blood agar plates (BioMérieux) in microaerobiosis conditions using an Oxoid Unipath jar with a Campypack Plus microaerophilic generator (Becton Dickinson). All other strains were cultured at 37°C until the exponential growth phase, using a two-step procedure: 100 ml of medium was inoculated using 10 ml of an 18-h culture and incubated for 3 h with shaking (obligate and facultative aerobes) or for 72 h without shaking (obligate anaerobes). Bacteria were grown in Trypticase-yeastglucose-cysteine or Rosenow broth (Bacteroides sp.), from Sanofi Diagnostics Pasteur or in Luria-Bertani medium from Difco Laboratories (all other strains). The identity of the wild-type strains in each frozen glycerol stab was routinely checked using API20E and/or ID32GN (for Enterobacteriaceae, Aeromonas hydrophila, Plesiomonas shigelloides, Vibrio cholerae, and P. aeruginosa), API20NE (for Alcaligenes xylosoxidans), or Rapid ID32A (for Bacteroides sp.) identification kits, with the ATB automated expression system (BioMérieux). The purity of working cultures obtained from these stabs was checked in each experiment by examining the morphology of colonies from solid-medium cultures.
Enzyme assays. Bacterial cells were harvested by centrifugation (2,500 ϫ g, 20 min, 4°C) and resuspended in 2 ml of Tris (pH 7.4)-EDTA-dithiothreitol-KCl buffer (22) . The cells were lysed by sonication on ice twice for 30 s each, with a 30-s interval. The insoluble fraction was removed by centrifugation (20,000 ϫ g, 5 min, 4°C), and the resulting supernatant was used for NAT activity assays within 20 min of lysis. The soluble fraction of bacterial lysates contained 2 to 8 g of total proteins per liter, as assessed by a dye-binding assay (7) . Lysates from DMG100 and DMG200 were prepared as previously described (22) . NAT activity was also determined in human feces collected from five unrelated healthy Caucasian donors. Informed consent was obtained from all participants in accordance with local ethical committee guidelines. Samples (1 to 2 g) of feces that had been stored at Ϫ80°C were suspended in 10 ml of Tris (pH 8.0)-EDTAdithiothreitol-KCl buffer (22) supplemented with lysozyme (0.5 g/liter) and treated by sonication on ice six times for 30 s each with 30-s intervals between pulses, to facilitate lysis of gram-positive cells. The insoluble fraction was sedimented by two centrifugation steps (2,500 ϫ g, 5 min, 4°C, followed by 20,000 ϫ g, 5 min, 4°C), and the final supernatant was used in an assay of NAT activity.
Unless otherwise stated, N-acetylation reactions were performed at 37°C in the PABA, and SMZ were determined using a nonlinear fit analysis. Steady-state kinetic parameters were determined after checking that rates of product formation were constant throughout the reaction. Kinetic studies were performed using arylamine substrate concentrations in the 0.1 to 10 K m range unless substrate solubility was limitated, as was the case for 2-AF. Maximum conversion rates of 10 to 20% of the initial substrate amount were obtained, if necessary by diluting the cell lysate in bovine serum albumin-containing buffer, as reported (20) . Inhibition studies. To achieve irreversible inhibition by iodoacetamide, undiluted cell extract was first incubated for 2 to 20 min at 25°C with various inhibitor concentrations. Aliquots were then withdrawn, and residual NAT activity was measured in 5-min assays performed at 25°C in the presence of 200 M 2-AF without the AcCoA-regenerating system. At the times indicated, the percent residual activity was calculated by comparison with a control assay with the same concentration of iodoacetamide but without prior incubation with inhibitor (set at 100%). For each inhibitor concentration, the logarithm of the percent residual activity was plotted against the length of time for which the cell extract was incubated with inhibitor.
Hybridization analysis. Southern blotting was carried out on genomic DNA from 22 of the wild-type Proteobacteria species studied. Genomic DNA was digested with EcoRI, size fractionated by electrophoresis in a 1% agarose gel, and transferred to a nylon membrane by capillary blotting. Genomic DNA from Proteobacteria and gram-positive strains was amplified by PCR using the BACT5 and BACT3 degenerate primers in the following thermocycling procedure: 5 min of denaturation at 94°C, 2 min of hybridization at 46 or 50°C, and then 40 cycles including 1 min of denaturation at 94°C, 30 s of hybridization at 46 or 50°C, and 2 min of extension at 72°C.
The MgCl 2 concentration of the PCR mixture was 4 mM for hybridization at 46°C and 3 mM for hybridization at 50°C. To test for the presence of NAThybridizing sequences in genomic and PCR-amplified bacterial DNA, a 184-bp probe including the region encoding the active site of the S. enterica serovar Typhimurium NAT (positions 124 to 307 from the initiation codon, GenBank accession number D90301) was generated by PCR. Primers SALM5 (5Ј-GAT GTGCTACTGCCTCGTGAA-3Ј) and SALM3 (5Ј-GTAAACTGGCGGGATGA GACA-3Ј) were used in the presence of 1.5 mM MgCl 2 with the thermocycling procedure described above except that hybridization was performed at 60°C. The amplified DNA was labeled with [␣-32 P]dCTP using a random priming kit (Roche Diagnostics) and used in standard conditions to probe genomic or PCRamplified DNA.
RESULTS
Comparison of substrate selectivity of bacterial NATs. 2-AF, which is efficiently acetylated by both human NAT1 and NAT2, was used for comparative screening of NAT activity levels in gram-negative species found in the human gut microflora, including 23 Proteobacteria and one Bacteroides species. The TA98, TA1538, and YG1024 (NAT-overproducing) S. enterica serovar Typhimurium strains were used as positive controls. Enzyme activity was also tested using the structurally related human NAT1-selective PABA, 4-ASA, and 5-ASA ( Fig. 1 ) and the human NAT2-selective SMZ and PA arylamine substrates ( Table 2 ). The E. coli control strains DMG100 and DMG200, which overproduce the recombinant human NAT1 and NAT2 isoenzymes, respectively, displayed the expected level of activity with the substrates tested.
Significant NAT activity was identified for the first time in 11 Proteobacteria species from seven different genera: C. amalonaticus, C. farmeri, C. freundii, K. ozaenae, K. oxytoca, K. rhinoscleromatis, M. morganii, S. marcescens, S. flexneri, P. shigelloides, and V. cholerae. Fifteen Proteobacteria species had detectable NAT activity with 2-AF. With the exception of M. morganii, H. pylori, and E. coli K-12, the species or genera that acetylated 2-AF also acetylated 5-ASA, whereas the Bacteroides sp. acetylated 5-ASA but not 2-AF. Of the arylamines tested, 5-ASA and, to a lesser extent, 2-AF were the most highly acetylated by bacteria in our experimental conditions, with velocities of 0.006 (S. marcescens) to 2.20 (P. aeruginosa) and of 0.002 (M. morganii) to 1.06 (P. aeruginosa) nmol min
Ϫ1
(mg of protein)
, respectively. P. aeruginosa, E. coli 54.8, C. freundii, C. koseri, and C. farmeri, which acetylated both aminosalicylate isomers studied, had 8, 22, 50, 65, and 65 times higher levels of activity, respectively, with 5-ASA than with 4-ASA.
Only 4 of the 22 species tested for N-acetylation of PABA exhibited significant activity, from 0.002 (A. hydrophila) to 0.14 (P. aeruginosa) nmol min Ϫ1 (mg of protein)
. P. aeruginosa, C. amalonaticus, and S. enterica serovar Typhimurium YG1024 acetylated 5-ASA 11, 21, and 1,480 times more efficiently than PABA, respectively, whereas N-acetylation velocities were of the same order of magnitude for both compounds in the Bacteroides sp. With the exception of P. aeruginosa, which showed similar levels of activity with PABA and 4-ASA, the PABAacetylating species did not acetylate 4-ASA.
The bacterial species studied displayed a low level of Nacetylation activity with SMZ and PA in our experimental conditions (from 0.001 to 0.006 nmol min Ϫ1 [mg of protein] Ϫ1 ). PA was acetylated only by C. amalonaticus, and P. shigelloides, P. vulgaris, P. alcalifaciens, and A. xylosoxidans had no detectable NAT activity with the arylamine substrates studied here, nor did the NAT-defective S. enterica serovar Typhimurium TA98/1,8 DNP 6 strain used as a negative control. Overall, P. aeruginosa appeared from our comparative screening to be the most potent N-acetylator among the species studied, as it acetylated 2-AF and the three human NAT1-specific substrates with the highest velocity values.
NAT activity in human colonic content. We estimated the overall N-acetylation activity of the colonic microflora by performing enzyme assays with lysates of human feces and 5-ASA or 2-AF as the acceptor substrate. Samples collected from the Conversely, the N-acetylation velocities by fecal lysates of 2-AF were lower than 0.015 nmol min Ϫ1 per g in our experimental conditions. Given the estimated bacterial content in feces (4) and in our bacterial cultures (optical density at 600 nm), it can be roughly estimated that the feces lysates were made from 10 to 100 times less bacteria than the pure-culture lysates.
Comparative kinetics of bacterial NATs. The strains found to have the highest rates of enzyme activity in the reaction spectrum study were studied in more detail to characterize further and compare their N-acetylation activities. We determined apparent kinetic parameters for these strains (Tables 3  to 5 ). The five arylamine acceptor substrates studied can be assigned to three overlapping classes on the basis of their apparent K m : (i) 5-ASA (26 to 350 M), 2-AF (44 to 405 M), and SMZ (59 to 550 M); (ii) 4-ASA (260 to 2,200 M); and (iii) PABA (870 to 51,600 M). Bacterial NATs had similar apparent affinities for 5-ASA, 2-AF, and SMZ, as shown by the weak differences between the corresponding K m values for a given strain. Conversely, bacterial N-acetylation of the aminosalicylate isomers studied displayed a higher affinity for 5-ASA. The K m of 4-ASA was 4 times higher than that of 5-ASA in C. koseri, 10 times higher in P. aeruginosa, 11 times higher in E. coli 54.8, 14 times higher in C. freundii, and 29 times higher in C. farmeri. Similarly, the K m of human NAT2 for 4-ASA was 41 times higher than that for 5-ASA, whereas human NAT1 acetylated both isomers with similar Michaelis constants. The K m values of bacterial NATs and human NAT2 were of the same order of magnitude for 5-ASA. Finally, of the arylamines studied, PABA was the substrate for which bacterial NATs had the lowest apparent affinity, as indicated in P. aeruginosa by K m values 5, 27, and 47 times higher than those for 4-ASA, 2-AF, and 5-ASA, respectively.
In any given strain, the apparent V max for 5-ASA acetylation by the bacterial NAT was higher than that for any other substrate (Table 4) . Similarly, the highest catalytic efficiencies, V max /K m , were also measured for 5-ASA in bacteria (Table 5 ). In particular, V max /K m values were 27 (for E. coli 54.8) to 645 (for C. farmeri) times higher for 5-ASA than for 4-ASA, consistent with the K m data. Human recombinant NAT2 also had a V max /K m for 5-ASA that was 32 times higher than that for 4-ASA, whereas NAT1 had similar catalytic efficiencies with b Underlined species also gave a positive signal in DNA hybridization experiments using the S. enterica serovar Typhimurium NAT probe and blots of PCR-amplified and/or whole genomic bacterial DNA (see Fig. 3 ). The strain numbers are given in Table 1. both isomers. Human recombinant NAT1 acetylated PABA with the highest V max /K m (22) ( Table 5) , whereas in P. aeruginosa, the catalytic efficiency of PABA acetylation was 1/100 that for 5-ASA and 1/30 that for 2-AF. In S. enterica serovar Typhimurium YG1024, the catalytic efficiency was 1,500 times higher for 2-AF than for PABA. Conversely, P. aeruginosa displayed similar V max /K m values for PABA and 4-ASA. Finally, the catalytic efficiencies for the acetylation of SMZ by 
a K m and V max were estimated for five arylamine substrates in two or more separate experiments. ND, not determined; -, no detectable activity. b Values determined in previous studies (18, 20) . The values given for recombinant human NATs were not included in the statistical comparison. c Results obtained from S. enterica serovar Typhimurium or, by default (for the substrate 4-ASA), from E. coli and used as a reference for the statistical comparison with values obtained for the other bacterial NAT activities and for the same arylamine substrate, using Student's t test. ‫,ءءءء‬ P Ͻ 0.001; ‫,ءءء‬ P Ͻ 0.01; ‫,ءء‬ P Ͻ 0.02; ‫,ء‬ P Ͻ 0.05). bacterial NATs were of the same order of magnitude or lower than those for 4-ASA in a given species. Consistent with the results obtained for the reaction spectra of bacterial NATs, with the exception of the recombinant NAT-overproducing strains, P. aeruginosa was the most efficient acetylator among the species studied for each arylamine substrate tested. It exhibited V max /K m values 64, 25, and 8 times higher than those of S. enterica serovar Typhimurium for 2-AF, 5-ASA, and PABA, respectively. Its V max /K m for 4-ASA was also 43 times higher than that of E. coli 54.8. In contrast S. marcescens, H. pylori, and M. morganii displayed the lowest catalytic efficiencies for 2-AF in our experimental conditions. Inhibition of bacterial NAT activity. To obtain further insight into the nature of the putative active amino acid residue of bacterial NATs, we performed irreversible inhibition experiments with iodoacetamide. This compound irreversibly reacts with the thiol group of accessible Cys side chains in proteins to give a stable alkylated product (19) . Bacterial lysates from S. enterica serovar Typhimurium YG1024, C. koseri, and P. aeruginosa were incubated with or without 100 to 800 mM iodoacetamide, corresponding to a 200 to 1,600-fold molar excess of the modifying agent over the estimated Cys residue content of bacterial lysates (45) , and the residual NAT activity was measured in the presence of 2-AF. The inactivation of NAT depended on time and inhibitor concentration (Fig. 2) . Apparent pseudo-first-order inactivation constants (K obs ) were obtained for each iodoacetamide concentration by linear regression of plots of the logarithm of the percentage of control activity versus time (38) . Secondary plots of ln (K obs ) versus ln (iodoacetamide) were linear and had slopes of 0.81 for S. enterica serovar Typhimurium YG1024, 0.72 for C. koseri, and 1.07 for P. aeruginosa. Thus, the order of the inhibition reaction with iodoacetamide was probably similar for these three bacterial NAT activities. In each case, we estimated that a single functional Cys reacted with the modifying agent.
Molecular hybridization of DNA from several bacterial species with an S. enterica serovar Typhimurium NAT probe. Having detected NAT activity in a number of bacterial species, we attempted to detect new NAT-encoding regions. Genomic DNA from various bacterial species was amplified by PCR at two different levels of stringency, using degenerate primers derived from the sequence of the S. enterica serovar Typhimurium NAT gene. The degenerate sense (BACT5) and antisense (BACT3) primers used hybridized to the coding sequence of the S. enterica serovar Typhimurium NAT gene at positions 16 to 33 and 797 to 804, respectively, resulting in a PCR product of 788 bp for S. enterica serovar Typhimurium. We checked the specificity of the amplified DNAs by Southern blotting of the PCR products, using a radiolabeled 184-bp DNA probe amplified by PCR from the putative active-site region of the S. enterica serovar Typhimurium NAT gene (i.e., spanning the Cys 69 residue) (Fig. 3) . All positive strains gave the expected band of approximately 790 bp. An unidentified 500-bp band was also detected. In addition to S. enterica serovar Typhimurium, 8 with PCR-amplified as well as genomic DNA blots (Fig. 3) . Of all the species studied only by genomic DNA hybridization, only K. pneumoniae and S. flexneri provided a faint hybridization signal.
DISCUSSION
In this study, we used molecular and functional approaches to identify and characterize bacterial NATs. Thirteen NAT sequences from nine eubacterial genera were retrieved from databases, using the S. enterica serovar Typhimurium NAT sequence as a query, and were multialigned (data not shown). These sequences showed a highly conserved Cys that aligned with Cys 69 in S. enterica serovar Typhimurium (65), which has been suggested to be the active-site residue in four bacterial NATs (49) . We inhibited the NAT activity from P. aeruginosa, C. koseri, and S. enterica serovar Typhimurium YG1024 by a large excess of the Cys-modifying agent iodoacetamide. We found that this inhibition followed a 1:1 stoichiometry, suggesting that one essential Cys residue is accessible to the inhibitor in these three bacterial enzymes (Fig. 2) . The essential nature of Cys 69 in S. enterica serovar Typhimurium has already been demonstrated by Watanabe and colleagues (65) from site-directed mutagenesis experiments. Thus, like vertebrate NATs (20) , eubacterial isoforms seem to have a single Cys as the active-site residue. Our sequence alignment (data not shown) identified two strictly conserved residues aligning with His 107 and Asp 122 of the S. enterica serovar Typhimurium NAT. These residues have recently been described as forming part of its catalytic triad (58) . We also identified two highly conserved basic residues aligning with Arg 9 and Arg 64 of human NATs. It has been suggested that the Arg 9 and Arg 64 residues are essential for enzyme-substrate interactions and conformational stabilization in vertebrate NATs (20) . The conservation of these residues (Arg 11 and Arg 65 of S. enterica serovar Typhimurium NAT) suggests that similar mechanisms may operate for all NATs. The structural study of S. enterica serovar Typhimurium NAT conducted by Sinclair et al. (58) supports that hypothesis. In particular, it was found that Arg 65 stabilizes the conformation of the Cys 69 residue through a salt bridge interaction with the highly conserved Glu 39 . We identified NAT activity for the first time in 11 proteobacterial species belonging to the Citrobacter, Klebsiella, Morganella, Serratia, Shigella, Plesiomonas, and Vibrio genera (Table 2). These enzyme activities were detected and some of them were kinetically characterized using one or several of six arylamine acceptor substrates chosen as NAT1-type (PABA, 4-ASA, and 5-ASA), NAT2-type (SMZ and PA), or mixed (2-AF) with regard to substrate selectivity of human NATs. The values obtained for the S. enterica serovar Typhimurium control strains showed that these activities were specific (Tables 3 to 5). It has to be noted that our K m values for 2-AF in P. aeruginosa, E. coli, and H. pylori lysates are 3 to 35 times lower than those reported by Chung et al. (8, 10, 33) . These discrepancies may be related to differences in experimental conditions, such as AcCoA concentration and waiting time between bacterial sonication and NAT assay. We observed that above a 20-min interval between cell lysis and enzymatic assay, the apparent K m values could markedly increase, with loss in reproducibility. This might contribute to the variability in ki- netic parameter values reported in distinct studies by Chung et al. (10, 13, 14, 17) . Bacterial NAT activities appear to have features similar to those of the human NAT1 and NAT2 isoenzymes. They are most similar to NAT1 in terms of reaction spectrum, as shown by their low N-acetylation activity with the NAT2-selective substrates SMZ and PA (Table 2 ) and by their high catalytic efficiency with 5-ASA and 2-AF compared to that with SMZ (Tables 3 to 5 ). This may be related, in 11 of the 13 bacterial sequences retrieved, to the presence of a conserved Phe residue aligning with Phe 125 in the human NAT1 sequence (data not shown). This residue may be associated with the low NAT1-type substrate selectivity for SMZ (24) . In contrast, most of the bacterial NATs studied had poor or undetectable activity with PABA, which makes them similar to human NAT2 ( Table 2 ). The ranges of apparent K m values for SMZ, 5-ASA, and 4-ASA also place bacterial NATs closer to human NAT2 than to NAT1. Consistently, the NAT from M. smegmatis exhibits a low apparent K m (25 M) for the NAT2 substrate isoniazid (49) . We found that bacterial NATs share with human NAT2 a higher catalytic efficiency for 5-ASA than for its isomer, 4-ASA (Tables 3 to 5 ). The bacterial sequences studied have no conserved residue aligning with Arg 127 in the human NAT1 sequence (data not shown). This residue may be associated with the high selectivity of human NAT1 for 4-ASA (24) . Finally, bacterial NATs appear to have functional specificities that distinguish them from their eukaryotic counterparts, making them useful as a new model for study of the structure-function relationships of arylamine N-acetyltransferases.
Enterobacteriaceae species (Table 1) widely acetylated one or more of the tested arylamines. Most of them cross-reacted with the previously described rabbit antiserum raised against purified recombinant S. enterica serovar Typhimurium NAT (49) and gave an immunoblot signal comigrating with the S. enterica serovar Typhimurium NAT band (data not shown), consistent with other data (M. Payton, A. Mushtaq, J. Sinclair, J. Sandy, T.-W. Yu, M. Noble, and E. Sim, submitted for publication). However, unlike a previous study (48), we did not detect NAT activity in P. vulgaris, possibly due to differences in the strains used. The E. coli 54.8 and K-12 strains consistently differed in NAT activity in this study. This may be due to the high polymorphism within the E. coli species reflected by differences in genome length (5) or in metabolic phenotypes (36) between strains. P. alcalifaciens and A. xylosoxidans also had no detectable activity for the six arylamine substrates tested in our study. The low nutritive content of our bacterial growth medium is unlikely to play a significant role in this lack of enzyme activity because these species are members of the normal intestine microflora and the contents of the colonic lumen are considered nutritively poor. Although these three inactive species gave no signal in genomic DNA hybridization experiments, they gave a clear NAT-specific immunoreactivity signal (data not shown). This suggests that these organisms may contain NATs with a different and unknown substrate selectivity. The Pasteurellaceae species P. multocida did not acetylate 2-AF in our test conditions, but the positive results of DNA hybridization experiments (Fig. 3) suggest that this species contains a genomic sequence with some similarities to the S. enterica serovar Typhimurium NAT gene.
The four Vibrionaceae species studied were only weakly immunoreactive with the S. enterica serovar Typhimurium-specific antiserum (data not shown) and had marginal NAT activities. H. pylori acetylated 2-AF much less efficiently than in previous studies (10, 18) (Table 2) . We were also unable to retrieve a putative NAT sequence from the H. pylori genome database even though two unrelated strains have been now completely sequenced (1, 60) . Only a partial putative sequence was obtained from the V. cholerae genome (data not shown). Consistently, no genomic DNA hybridization signal was obtained for V. cholerae, A. hydrophila, and P. shigelloides (data not shown). This suggests that the NATs of the Vibrionaceae differ greatly in structure and reaction spectrum from those found in other proteobacteria. In contrast, within obligate   FIG. 3 . Hybridization of PCR-amplified bacterial DNA with the S. enterica serovar Typhimurium NAT probe PCR products amplified from bacterial genomic DNA were blotted as described in the text. A negative control consisting of an 835-bp amplification product of the human NAT2 coding region was blotted in the control lane. The hybridization temperature and MgCl 2 content used for PCR were 50°C and 3 mM (left blot) or 46°C and 4 mM (central and right blots). Similar hybridization results were obtained for both sets of PCR conditions for the S. enterica serovar Typhimurium DNA blot. In addition to the expected 790-bp band (left arrow), an unidentified 500-bp band was also detected. A similar doublet was found for S. enterica serovar Typhimurium at shorter exposure time. Some of the strains (group A) also gave a positive signal by hybridization of EcoRI-digested genomic DNA. The right arrow indicates the direction of electrophoretic migration.
anaerobes, we found significant NAT activity for PABA and 5-ASA in the Bacteroides sp. (Table 2 ) and a small activity with 2-AF and 5-ASA in C. difficile (data not shown), consistent with previous data for these genera (48) . However, the absence of a detectable immunoblot signal for the Bacteroides sp. (data not shown) may be related to the absence of an epitope in common with S. enterica serovar Typhimurium NAT.
Among the Proteobacteria and Bacteroides species tested here, P. aeruginosa was the most effective N-acetylator in terms of both reaction spectrum and catalytic efficiency, since it exhibited the highest activity for 2-AF, 5-ASA, 4-ASA, and PABA (Tables 2, 3 , 4, and 5). P. aeruginosa gave NAT-specific DNA hybridization (Fig. 3) and cross-immunoreactivity (data not shown) signals. A complete putative NAT sequence was also obtained from this species (data not shown). Moreover, the results of our DNA hybridization experiments (Fig. 3) and the identification of several putative NAT sequences (data not shown) suggest that NATs are widely present in gram-positive species with low and high GϩC contents.
Microbial interactions and drug administration are determinants for the composition of the intestinal microflora. Therefore, the identification of bacterial NATs may serve as a means of understanding the enzyme activity in different clinical situations. The aminosalicylate 5-ASA is one of the most effective treatments for inflammatory bowel diseases in humans (50) . It is mainly metabolized into N-acetyl-5-ASA, which is thought to be therapeutically inactive (35) . We detected N-acetylation activity with 5-ASA in human feces, with a 1-to 10-fold interindividual variability in enzyme velocities (see Results). This activity mostly reflects that of obligate anaerobes, including gram-positives, as they constitute the great majority of the colonic microflora (4, 56) . These results are consistent with the ability of the Bacteroides sp. (Table 2 ) and of the entire obligate anaerobic colonic microflora in culture (63) to N-acetylate 5-ASA. The absence of a detectable NAT activity for 2-AF in feces samples is also consistent with the lack of activity found with the Bacteroides sp. (Table 2 ). The endogenous NAT1 activity of intestinal mucosal cells (29) is unlikely to contribute to the observed N-acetylation of 5-ASA in feces, given that (i) maximal N-acetyl-5-ASA synthesis was reported for high dilutions of fecal material in humans (63) and (ii) the endogenous pancreatic enzymes present in the intestinal content are greatly inactivated by the microflora in rats (51) . We detected NAT activity with 5-ASA in species of Proteobacteria and Bacteroides from the intestinal microflora, including members known to be overrepresented in inflammatory bowel diseases. These microbes include the aerobes E. coli, P. aeruginosa, and Klebsiella (31) and the obligate anaerobes Bacteroides (3, 46) and C. difficile (52) . Of the various arylamines tested here, 5-ASA was the most efficiently acetylated by bacterial NATs (Tables 2, 3 , 4, and 5). Bacterial N-acetylation may therefore be responsible, in addition to the intestinal metabolism (68), for 5-ASA inactivation. However, N-acetyl-5-ASA has itself been found to inhibit the growth of obligate anaerobes such as C. difficile (52) . We also found that NATs from P. aeruginosa, E. coli, and various Citrobacter species had stronger activity for 5-ASA than for its isomer, 4-ASA (Tables 3, 4 , and 5). Similar therapeutic benefits have been reported for both isomers in specific cases of ulcerative colitis, and patient tolerance of 4-ASA is higher due to the adverse effects of 5-ASA (42) . The use of 4-ASA in inflammatory bowel disease patients presenting intolerance to 5-ASA may therefore be recommended, given its low level of inactivation by intestinal microflora. N-Acetyl-5-ASA may be unstable in the intestine and/or hydrolyzed by nonspecific amidases to regenerate 5-ASA. However, administered acetyl-5-ASA was reported not to be deacetylated, and acetyl-5-ASA is considered more stable than 5-ASA (35) . Thus, we suggest that the bacterial acetylation of 5-ASA could modulate the concentration equilibrium between the two forms, promoting the acetylated form in the gut. Other works have highlighted the importance of the metabolism of intestinal bacteria in drug side effects (44) . Consistently, NAT activity in Mycobacterium species was suggested to modulate the therapeutic response to isoniazid treatment of tuberculosis. It should be important to investigate such prokaryotic NATs for polymorphism and potential implications for drug resistance (54) .
In contrast to previous reports (8, 18) , only a small proportion of the bacterial species studied here acetylated PABA (Table 2 ). In addition, it was previously observed that bacterial NATs have lower activities with PABA than with 2-AF (33, 48) , although with similar apparent K m (8, 10, 18) . In our study, reactions with PABA had much lower catalytic efficiencies than those with 2-AF or with the structurally related 5-ASA, mainly due to the higher apparent K m values measured for PABA (Table 3 ). The results of reversible inhibition experiments suggested that PABA acts as a competitive inhibitor for the Nacetylation of 2-AF in S. enterica serovar Typhimurium 60.62 (data not shown). These data are consistent with the essential role of PABA as a precursor for folate synthesis in bacteria and suggest a double level of preservation of the PABA pool in the bacterial cell with regard to N-acetylation (34, 49) .
Bacterial NATs have been shown to have the potential to generate strongly alkylating cationic compounds involved in carcinogenesis, through N-and/or O-acetylation of arylamine or hydroxyarylamine metabolites (27) . Microflora and endogenous NATs may thus affect susceptibility to human bowel cancers, in addition to other bacterial carcinogen-producing pathways such as nitroreduction and azoreduction (56) . The data presented here may ultimately make it possible to design new tester strains with higher efficiencies in mutagenicity tests. To this end, we suggest that the P. aeruginosa NAT should be further investigated at the molecular level. Indeed, this study shows that this enzyme is potentially useful in terms of both the substrate diversity and the activity levels required in such tests. However, further kinetic studies on purified enzyme are necessary, since differences in enzyme activities can be due to differences in catalytic properties but also to differences in expression levels.
